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By John Fisher

The TSDP series devices described in this application note are suitable for receiving low-speed infrared data communications
from 1200 bps to 9600 bps over a range of up to 35 meters using a single TSAL6200 infrared light emitting diode. The
advantages of using infrared for this type of application are convincing; there is no government regulation of the infrared
spectrum, the design is simple and fast, and the cost is low. This application note will help in successfully using these devices
in your design.

To achieve a high transmission range, a data communications system needs a high signal-to-noise (S/N) ratio. One way to
improve S/N is to modulate the data signal with a carrier and then use band-pass filtering to exclude broadband noise, which
falls outside the carrier frequency. The TSDP receiver series utilizes this technique, and includes devices that operate with
carrier frequencies of either 38.4 kHz or 57.6 kHz.

TSDP series devices differ from standard infrared receivers for remote control in several respects, including that their band-pass
frequencies are tuned to the needs of RS-232 communication, and their pulse-width accuracy has been improved in order to
maximize the highest possible data rate. Typical speeds for serial data communications are 9600 bps, 4800 bps, 2400 bps, etc.
Inverting bps gives you seconds per bit, i.e. 104 us for 9600 bps and 208 ps for 4800 bps. The minimum burst length for the
TSDP series must be at least six full carrier cycles. Within these constraints, we can find the corresponding number of carrier
cycles per bit: six cycles at 57.6 kHz for 9600 bps, eight cycles at 38.4 kHz for 4800 bps, etc.

OPTICAL NOISE

Since infrared light is a byproduct of creating visible light, many lamps, such as compact fluorescent lamps (CFL) or the
backlighting of dimmed LCD panels, emit noise in the infrared spectrum. We mention these two noise sources since the
frequency content of the noise they generate is near the pass-band of the TSDP receivers. A modulated noise is worse than a
constant (DC) noise since the receivers are designed to receive modulated signals. To avoid receiving modulated noise, it must
be distinguished from valid data signals in order to eliminate it while passing the valid signal. This is done using specially
designed automatic gain control (AGC) circuits.

The TSDP series includes two different AGC types: AGC1 and AGCS3. Both of these AGC types can accept short bursts of six
cycles or more. The criteria that AGC1 uses to distinguish noise are set rather leniently in order to better pass worst-case data
patterns (two particular data patterns are defined later as worst case). AGC1 can be used when it is known beforehand that
there will be a relatively “clean” transmission medium, without noise from CFLs or LCD panels, which would have a high
probability of creating spurious pulses at the output of the receiver. Usually “clean” means operating in an enclosed environment
without such lighting, or outdoors.

AGCS3 applies more stringent criteria, and suppresses the noise from most types of CFLs and LCD panels. Such lamps are
common in typical home, office, or factory settings. The side effect of effectively suppressing such noise is that certain data
patterns, if continuously sent, would also be unintentionally suppressed. We will therefore explore strategies to make use of the
noise-suppressing AGC3 properties without triggering the AGC with our data.

dVv

RS-232

Before we discuss data transmission using the TSDP devices in more detalil, let us define some terms. The TSDP series uses a
form of digital modulation called amplitude shift keying (ASK). In fact, the devices use the simplest form of ASK, called on-off
keying, which is in essence the presence or absence of a carrier. In the Morse code days, the presence of a carrier was called
a “mark,” either a dash or a dot. The name comes from the image, or mark, of a dash or dot on paper. The “space” was the time
between marks, i.e. the idle time of the carrier. Perhaps unfortunately, serial communication standards like RS-232 later defined
a mark not only as binary “1,” but also the idle time between data frames. A space was defined as binary “0.” In infrared data
communications, just as with Morse code, we want to minimize the carrier on time to save power. In order to conform to RS-232
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standards, and in contrast to Morse code, a burst is only sent during an RS-232-defined space, or binary 0, and a mark is an
idle time, or “gap.” The terms space and burst will be used interchangeably in this paper, as will mark and gap.

While RS-232 is not terribly efficient in using the available bandwidth, it is a format that can be readily understood by existing
UART devices and is widely implemented, e.g. in the serial interface of PCs. In this protocol, data is usually sent in 8-bit chunks
to create a character frame. Each eight bits of data is packed between one start bit (space) and usually one stop bit (mark) to
create a 10-bit frame, and is transmitted one bit per clock cycle. Optionally, a parity bit may be inserted between the data and
the stop bit(s). An example of a typical frame is shown in the figure below.

mark data bits

bit ‘ | bit (s) | bit
space

The following table shows which TSDP devices may be used for RS-232 data communications at several standard data rates.
Note that devices appear in two columns. The first column is designated for AGC1 low-noise environments, and the second
one for AGC3 typical-noise environments.

DATA RATE | CARRIER FREQUENCY | CYCLES PER LONNOISE TYPIGA S OISE
(bps) (kHz) MARK / SPACE ENVIRONMENTS ENVIRONMENTS
9600 57.6 6 TSDP34156, TSDP37156, TSDP36156 | TSDP34356, TSDP37356, TSDP36356
4800 57.6 12 TSDP34156, TSDP37156, TSDP36156
4800 38.4 8 TSDP34138, TSDP37138, TSDP36138 | TSDP34338, TSDP37338, TSDP36338
2400 38.4 16 TSDP34138, TSDP37138, TSDP36138

One cell in this table represents a special case and is set apart with blue background: 4800 bps, 38.4 kHz, and AGC1. For this
combination, any possible data pattern can be received indefinitely. In all other combinations in the table, data patterns exist
that will trigger the AGC. Depending on the statistical prevalence of such data patterns, data transmission may need to be
interrupted periodically to allow the AGC to recover. We now look at a theoretical explanation of why that is.

Let us define two more terms: burst length (tg) and envelope duty cycle (Dy). If we take an unvarying signal consisting of one
burst and one gap that repeats indefinitely, then the burst length is simply the number of carrier cycles in the burst. The envelope
duty cycle is the burst time divided by the burst repetition time: D; = tg/Tg.

< tg >

< T >
Further, let us note that modulated noise signals, such as the one depicted below from a CFL, have burst lengths and burst
repetition times. Generally, different CFLs will have quite different characteristics. We will see in a moment how they interact
with AGC1 and AGC3.
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We now create a space formed by plotting the burst length in number of cycles on the X axis vs. the envelope duty cycle on the
Y axis. In the following diagram, we plot three types of meaningful data in this space: the AGC characteristic curves, the location
of data signals, and the location of modulated noise signals. The AGC characteristic curves divide this space into three regions.
The first zone, which is above the green curve, is called the AGC suppress horizon. Signals falling in this region will be
suppressed by the AGC, and this is where we would like noise signals to lie. The second zone is below the purple curve, called
the AGC accept horizon. Signals falling below this curve will always be passed by the AGC. The zone between the green and
the purple curve is history-dependent, thereby forming a hysteresis area. If a signal moves from the suppress zone to the
hysteresis zone, it remains suppressed. If a signal moves from the pass zone to the hysteresis zone, it remains passed.
A suppressed signal in the hysteresis zone must first move to the pass zone before it can move back to the hysteresis zone and

remain passed.
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Also plotted on this diagram is the special case noted in our table above, with a light blue background: a data rate of
4800 bps, a 38.4 kHz carrier, spaces and marks both eight carrier cycles long (8c). We can identify two worst-case data
patterns. The first of these patterns is alternating 1-0-1-0 etc. In this case, the burst length is just 8c, and the envelope duty
cycle is 8c/(8c + 8c), or 0.5. This coordinate is plotted in the figure by the leftmost red dot.

mark

space ‘ “
0

start 1 0 1 1 0 1 0 stop  start

The second worst-case data pattern is when all data bits are 0, or bursts. In this case, we have a burst for the start bit plus eight
bursts for the data, followed by a gap for the stop bit. Nine consecutive bursts give us 9 x 8c, or 72c, and the envelope duty
cycle is (9 x 8c)/(10 x 8c) or 0.9. This coordinate is plotted in the figure by the rightmost red dot.

mark

space

start 0 0 0 0 0 0 0 0 stop  start

All other data patterns fall in a region represented by the ellipse connecting the two red dots. Since the entire region falls within
the hysteresis zone, there exist no data patterns that trigger the AGC, and transmission using this format can continue
indefinitely, no matter which data pattern is sent.

Let us now look at two other cases from our table above. 9600 bps using 6¢ bits at 57.6 kHz is shown in the diagram below
with red dots and a blue region, and 4800 bps using 12c¢ bits at 57.6 kHz is shown with blue dots and a red region.
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Note that part of each of these regions overlap the suppress zone, thus there exist data patterns in each of these protocols that
trigger the AGC. If such patterns were to be sent repetitively, the data transmission would eventually be suppressed. In the case
of 9600 bps, the overlap is on the left edge of the AGC curve. Characteristically for patterns off the left edge, there is a strong
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attenuation but not total suppression. This may not represent a significant hurdle in using these designs for several reasons.
First, there are only a few data patterns out of 256 that result in AGC gain loss; the majority allow gain enhancement, which
allows the AGC to recover. By monitoring the data as it is sent, the transmitter can easily detect when gain loss becomes
critical - e.g. via repetitive transmission of gain loss bytes - and initiate a pause in the transmission to allow the AGC gain to
recover. Second, some systems only require sporadic transmission of a small amount of data. In this case, a better
understanding of how quickly, under worst-case conditions, the transmission could be suppressed would allow the system
designer to create a robust system without any data monitoring necessary. We will return to this topic, but first let us examine
the properties of a more robust AGC.

AGC3

While AGC1 functions well in a completely undisturbed ambient, the more usual case is that some noise is present. AGCS3,
in contrast to AGCH1, is designed to suppress many common types of ambient noise. The following chart plots the very
same 38.4 kHz, 8c space and mark, 4800 bps signal that was plotted before. The AGC3 characteristic is now shown in solid
green, and AGC1 in dashed green.
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With AGC1, continuous data transmission of any bit pattern using 8c per bit was possible. With AGC3 that is no longer the case;
clearly some patterns now lie in the suppress zone. So why use it? On the same chart, we have now plotted regions in orange,
which represent different noise patterns from CFL lamps and dimmed LCD panels. The reasoning behind the oddly shaped
AGC curves now begins to emerge. In order to suppress these noise signals, they must lie in the suppress zone. But some
of these noise patterns fall within the pass zone of AGC1, meaning the noise will be passed as if it were a valid signal and
cause spurious pulses at the output of the receiver. AGC3’s characteristic has been adjusted to ensure that these noise
patterns really do lie in the suppress zone.

A GENERAL RS-232 EXAMPLE

A comprehensive understanding of the AGC characteristics allows us to assign an integer gain or loss value for each of
the 256 possible bit patterns in any protocol. Since the receiver's AGC operates at a fixed rate of gain change
(approximately 100 dB/s) and the bit period is known, each transmitted bit pattern will correlate to a known change in receiver
gain level. By summing this gain or loss value as each byte is transmitted, the transmitter can track the gain change at
the receiver. Typically this change is zero, as random data usually will leave the gain at its maximum level. Only long strings of
gain loss patterns will lower the gain to critical levels.
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The (semi) fixed variables of our system are the emitter intensity (lg), the distance between Tx and Rx (d), the sensitivity of the
receiver (Eemin.), and the ambient light. We will assume these are mostly under the control of the designer. The random variable
is the byte sequence that gets transmitted. Let us assume the transmission distance, d, must be 15 meters and that the E¢mn.
of the receiver given on the datasheet is 0.2 mW/m?2. The range, d, is related to emitter intensity and receiver sensitivity by
the equation d? = Io/Eemin.. Plugging in these values gives us the required emitter intensity I = (15)2 x 0.2 = 45 mW/sr. The
intensity (in mW/sr) of a pulsed TSAL6200 infrared emitter is approximately linear with current (in mA) according to the
equation I = 1o/0.6. So the forward current required to achieve this intensity is It = 45/0.6 = 75 mA.

This is our baseline calculation without any margin. Let us now find the forward current required for a 3 dB margin according
to the familiar 3 dB = 10 log(Po/P1), where Py is the emitter power at the baseline, e.g. 45 mW/sr. Doing the math, P, is
then 90 mW/sr and the emitter forward current required to generate this is 90/0.6 = 150 mA. Using these values, we now
have a system that can allow for 3 dB of gain loss due to transmission of loss bits before requiring the transmission to be
interrupted. In practice one would build in a further margin to allow for component and other variations.

In our example (38.4 kHz and 8c per bit), each bit is 208 us long. At the AGC'’s rate of change (100 dB/s), it takes 144 bit times
to lose 3 dB (144 x 208 ps x -100 dB/s = -3 dB). Therefore, if our running tally ever reaches minus 144 gain bits, then our receiver
gain has reached its limit and we must temporarily interrupt the transmission to allow the AGC to recover.

For further details on the relationship between bit patterns and loss bits, please contact the technical support link on our website
with the subject “Data Transmission Loss Bits.”

NON-RS-232 CODINGS

Up to now, we have exclusively discussed RS-232-conforming transmission protocols, primarily because of their ease of
incorporation into existing systems. If we are willing to depart from this standard, we stand to gain several benefits. These
include better use of bandwidth - translating to a higher data rate - and noise suppression via AGC3, while at the same
time maintaining continuous data transmission with no gain loss. The cost of these benefits to the system designer will
be in providing some kind of interrupt and a timer fast enough to measure space and mark times, and writing their own
encoder / decoder software.

The protocol proposed below operates with a 57.6 kHz carrier, and transforms each 4-bit nibble into a single burst and
gap. Both the burst length and the gap length contain information, and are modified to form one of 16 hexadecimal values. As
a result of variable lengths, the transmission time per nibble is not constant, and the instantaneous data rate will vary
depending on information content. The average period per nibble for this code is 514 ps, giving an average data rate
of 7777 bits/s. It is standard practice to start an infrared transmission with a unique header, which should be long enough
to allow the AGC to reach its steady state. Bursts of 6, 12, 18, and 24 cycles are all used to represent data and are
not unique. A suitable choice would be to use the next longer burst length of 30 cycles (each burst differs by six cycles)
followed by a 10-cycle gap.

It is important while writing decoding software to understand that the output pulse width at the receiver has tolerances
and can vary, for example, with changing input intensity at different ranges. The specification of interest is given in the
datasheet as ty - 1/f, < tpo < tp + 4/f,, Where t is the input pulse width, t,, is the output pulse width, and f, is the
carrier frequency. This relationship says that the output pulse may be up to one carrier cycle shorter or up to four carrier
cycles longer than the input pulse. Furthermore, the pulse-to-pulse jitter can also vary by as much as 2/f,. Practical
decoder designs require a dead-zone between bins, and we have designed our code such that gaps differ by 2/f,. So in the
table below, a dead-zone has been provided by calculating the minimum and maximum gap using 1.9/f,.
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TOTAL MIN. BURST | MAX. BURST | MIN. GAP MAX. GAP
HEX | BIN | BURST CYCLES | GAP CYCLES | TOTAL CYCLES (us) (us) (ps) (ps) (ps)

tpi - 1/f, tpi + 4/fo gap - 1.9/f, | gap + 1.9/f,
0 | 0000 6 10 16 278 87 174 141 207
1 0001 6 14 20 347 87 174 210 276
2 | 0010 6 18 24 417 87 174 280 345
3 | 0011 6 22 28 486 87 174 349 415
4 | 0100 6 26 32 556 87 174 418 484
5 | 0101 6 30 36 625 87 174 488 554
6 | 0110 12 10 22 382 191 278 141 207
7 | 0111 12 14 26 451 191 278 210 276
8 | 1000 12 18 30 521 191 278 280 345
9 1001 12 22 34 590 191 278 349 415
A 1010 12 26 38 660 191 278 418 484
B |1011 18 10 28 486 295 382 141 207
C | 1100 18 14 32 556 295 382 210 276
D |1101 18 18 36 625 295 382 280 345
E | 1110 24 10 34 590 399 486 141 207
F | 1111 24 14 38 660 399 486 210 276

The logic is quite simple. Each burst is measured and evaluated for one of the four bins, and then the gap is measured and
evaluated for one of the inner bins to determine the 4-bit nibble.

Due to tolerances, the coding scheme presented will have a certain bit error rate of about 10-3. This is not ultra-reliable, but
sufficient for many applications. There is a trade-off between data rate and bit error rate. If a higher bit error rate is required and
a lower data rate can be tolerated, it is a simple matter to widen the bins to ensure that device tolerances are well within the bin

limits.
<_

6¢c/14c 18c/18c 12c/22c
0001 1101 > 1001 >

The author wishes to thank Thomas Mistele and Anika Kiihnle for their technical support in preparing this document.
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INTERFACING WITH UARTS

The fact that the receiver’s output pulse width has tolerances with respect to the input signal also has repercussions when
interfacing with UARTS. Typical practice in UART receiver design is to use an internal clock and counter that operate at 16 times
the bit rate for sampling the incoming data. The counter is reset at the beginning of each start bit. Typically a UART samples
the bit state, high or low, at the middle of the bit time, or after 8 of its internal clock cycles. It is therefore essential when
interfacing the IR receiver directly with a UART that the worst case pulse distortion in the IR receiver does not violate adjacent
bit readings in the UART. To clarify, when a burst (IR receiver output low) is followed by an idle (output high) the receiver’s low
output must transition to high before the mid-point of the following bit. To avoid data errors, the width of any single pulse must
never extend to half of a bit time into the following idle bit. For a protocol with 6 carrier cycles per bit, the critical upper limit is
toi + 3/fg. For an 8 carrier cycle per bit protocol, the corresponding limit is tp; + 4/fo.

There are two receiver specifications of interest. The first, general specification, t; - 1/fy <ty < tpi + 4/fp is given in the figure
below and does allow output pulses up to the critical limit of 4/fy. This specification states that under some manufacturing
tolerances and conditions of use, output pulses may be up to 1 carrier cycle shorter, or by up to 4 carrier cycles longer than the
corresponding input pulses. Neither of the examples discussed so far, 6 cycle bits or 8 cycle bits, can reliably function over this
entire range of tolerances without additional, pulse shortening, circuitry or software. l.e., shorting the pulses by 1.5/fg is one
solution to moving the specification back into conformity with the UART’s requirements.

The second specification of interest is in the electrical characteristics, maximum pulse width of 11.5/f; for 8 cycle bits and
Ee min. > 10 MW/m2. What this says is that if the signal strength is sufficient, either via a higher power emitter or a smaller distance
between emitter and receiver, the pulse width of the receiver will be shorter than t,; + 3.5/fg, thus also fulfilling the UART’s
requirements. Note in the following diagrams that pulse width is a function of signal strength. For a fixed emitter intensity, the
pulse width approaches its nominal value as the distance between emitter and receiver is reduced. It is just as accurate to say
that at a fixed distance, the pulse width approaches its nominal value as the emitter power is increased. In other words, pulse
width is no more an independent characteristic of an infrared receiver than its maximum reception distance. Both depend on
the power generated by the IR emitter.
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